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Abstract

Time-series of surface elevation change, which are constructed from 7-years (1992-1999) of

ERS-1 and 2 satellite radar altimeter data of Antarctica, show significant seasonal, inter-annual,

and long-term changes. Elevation time-series are created from altimeter crossovers among 90-

day data periods on a 50 km grid to 81.5 ° S and fit with a multivariate linear/sinusoidal function

to give the average rate of elevation change (dH/dt) and account for seasonal changes. On the

major Ronne, Filchner, and Ronne ice shelves, the dH/dt are small or near zero. In contrast, the

ice shelves of the Antarctic PeninsuIa and along the West Antarctic coast appear to be thinning

significantly, with a 23 + 3 cm a _ surface elevation decrease on the Larsen ice shelf and a 65 + 4

cm a -_decrease on the Dotson ice shelf. Significant elevation decreases are obtained over most

of the drainage basins of the Pine Island and Thwaites glaciers. Significant increases are

obtained over most of the other grounded ice in Marie Byrd Land, the Antarctic Peninsula, and

Coates Land. Over the sector from 85 ° W to 115 ° W, which includes the Pine Island and

Thwaites basins, the average elevation is significantly decreasing by 8.1 cm a-_. The

corresponding ice thickness change is about - 11 cm a_, with a corresponding mass loss of 82 Gt

a-_, and a 0.22 mm a-I contribution to global sea level rise. In terms of elevation change, the

decrease in the Pine Island-Thwaites sector Sector is largely balanced by the increase in the Marie

Byrd Land, but only balanced by about 1/4 in terms of ice thickness change and contribution to

sea level rise. The overall average elevation change for the grounded ice is + 1.2 cm a-_. Using

an average bedrock uplift of 2.5 cm a-_ , implies an average ice thickness decrease of 1.3 cm al, a

mass loss of 22 Gt a _, and a 0.06 mm a_ contribution to global sea level rise.



INTRODUCTION

The state of mass balance and dynamic stability of the West Antarctic ice sheet has been the

subject of considerable research and discussion in recent decades (e.g. Bentley, 1997;

Bindschadler, 1998; Oppenheimer, 1998). Highlights of the research program include the

discovery that ice streams draining into the Ross Ice shelf have either increased their rates of

discharge, slowed down, or even ceased to flow as ice streams (Alley and Bindschadler, 2001).

Recently, attention has focused on the Pine Island glacier flowing into the Amundsen Sea and its

drainage system (Vaughan and others, 2000). For example, recent analysis of SAR

interferometry showed the position of the hinge line of the Pine Island glacier retreated 1.2 km a_

between1992 and 1996 (Rignot, 1998). Shepherd and others (2001), using data from ERS-I and

2 radar altimetry for 1992 to 1999, found an elevation decrease of 75 _+7 cm al on the Pine

Island glacier trunk, and a mean thinning of 11 _+ 1 cm al extending inland over the basin.

Previously, Wingham and others (1998) reported a 11.7 + 1.0 cm a _ thinning trend averaged over

the Pine Island Glacier and Thwaites Glacier drainage basins for the period 1992-1996, also from

ERS data. While research on ice stream discharge from West Antarctic ice sheet has advanced,

less attention has been given to the state of balance of the inland ice.

In this paper, surface elevation changes (dH/dt) are derived from ERS-1 and ERS-2 radar

altimeter data for the period April 1992 through April 1999 and mapped on a 50-km grid for the

region of West Antarctica south to 81.5 ° S between 10° W and 170 ° W. Elevation time-series,

H(t), are constructed for selected areas from sets of elevation differences measured by the

satellite radar altimetry at orbital-crossovers. A multivariate linear/sine function is fitted to the

H(t) series to obtain linear trends of diM& and account for seasonal variations in the elevation

measurement. Surface elevation changes are equivalent to ice thickness changes plus the

vertical motion of the bedrock, which is generally smaller and can be separately estimated

(Huybrechts and LeMeur, 1999). In addition, short-term changes caused by variations in rates of

near-surface firn compaction must be considered (Arthern and Wingham, 1998; Wingham, 2000;

and Zwally and Jun, submitted).
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2. METHODSANDBACKGROUND

The ERS altimeters operated in either the ocean mode with a resolution of 45 cm per range gate

or ice mode with a resolution of 182 cm per range gate. We use only ice mode data in this

analysis because of a spatially variant bias between the modes and the greater spatial and

temporal coverage of the ice mode data. We applied our V4 range-retracking algorithm,

atmospheric range corrections, instrument corrections, and an adjustment for solid tides (Zwally

and Brenner, 2001). We use the DUT DGM-E04 orbits that have a radial orbit precision of 5 to

6 cm (Sharroo and Visser, 1998). Based on analysis of global sea level changes with ERS- 1and

2 data, TOPEX/Poseidon data, and tide gages, the long-term error in the ERS measurements

over oceans due to unresolved instrumental trends and/or trends in orbital-errors appears to be <

1 cm a -_ (B. Beckley, Pers. Comm.)

Elevation changes are derived from surface elevation differences, dHzl = H 2 - Hi, measured at

crossover locations where sub-satellite paths intersect at successive times t2 and h- Since the

measurement error for each dH21 is usually larger than the actual elevation change, a set of N

values of (dH21) i must be averaged over a selected area to reduce the error of the mean. The

average height difference, D_j, at crossovers between orbit tracks in time interval i and those in a

later interval j is calculated by

D_j _ dH_j = [1/Nj, y' (Aj (tj)- C, (t,)) + 1/M,j Y' (Cj (tj)- A_ (t_))]/2 (1)

where Nj_ is the number of crossovers between ascending passes at time j and descending passes

at time i, Aj and Ci are the respective measurements of surface elevations, tj > t_, and similarly for

the second term. Averaging of the separate calculations of the A-C and C-A averages cancels

ascending versus descending biases, and subtracting A-C and C-A terms instead of summing

gives the Asc-Des bias, as used in Zwally and others (1989) and Wingham and others (1998).

Asc-Des biases can be caused by biases in orbital calculations, along-track timing errors

3



1

interacting with the slope of the orbit relative to the surface slope, or differences in the

directional measurement properties of the radar signal.

Elevation time series, H(t), are constructed from sequences of average crossover differences in

selected areas (e.g. 200 km circles) of the ice sheet. The areas of the ice-sheet selected for

construction of the time-sequence must be sufficiently large (e.g. 200 km circles) to include an

adequate number of crossovers to reduce the variances of the mean D_j. The H(t) sequences are

then fit with a multivariate linear and seasonal sinusoid to obtain an dH/dt trend and a seasonal

variation. The period of the sinusoid is fixed at one year and the amplitude, phase, linear slope,

and intercept are fitted parameters. Crossover differences between the first time interval tj (e.g.

the first 90 days) and all successive intervals form a sequence of surface elevations versus time,

DSIN (t) = Dll (tO, DL2 (t2), DI3 (t3), DI4 (t4) ....... DIN (ty) (2)

where D_ = 0 is the reference level. Additional sequences are created by crossovers between the

second time interval, t2 , and successive intervals, and so forth for sequences starting with t 3,

..... tNl. The D sequences are then combined into one elevation sequence,

H (t) = H 1 (tt), H 2 (t2), H 3 (t3) , . .... H N(tN) (3)

where

Hi (tl) =Dtl = 0, H z (t:) = Di2" H 3 (t3) = 1/2 [(Dl3 + (H E + D23)],

H 4 (t4) = 1/3 [(914 + (H 2 + D24 ) + (H 3 + D34)] ................

HN (tN)= I/(N-1) [D m + (H 2 + D2N ) + ....... + (HN_t + DN.1.N)]

The reference level D22 (t2) = 0 of the second sequence is tied to the second point H 2 = D_E of the

first sequence. The third point H 3 then becomes the average of the change D_3 from 1 to 3 and a

second value, which is the change H 2 from 1 to 2 plus the change D23 from 2 to 3 from the second

sequence, and so forth for all H N . Variances of the mean are also calculated for each D_j and
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usedto inverselyweight theaveragesin calculatingtheHNfor thecombinedsequence.We also

requirethatbothNj_andMj_ _ 5 afterperformingaconvergent3-oedit in calculatingtheA-C

andC-A averagesinDij.

As thelengthof thetimesequenceincreases,thenumberof datacrossoversincreasesin

proportionto time squared.For anaverageof M crossoversbetweenpairsof N timeintervals,

thetotalnumberof crossoversin thefirst timesequencewouldbeN x M. However,thetotal

numberof crossoversin thecombinedH(t) sequenceis M x _1N(n) = M x N(N+I)/2, which is

(N+l)/2 timeslarger. Winghamandothers1998usedthefirst time sequenceconsistingof 33

successive35-dayrepeat-orbitperiodsof icemodedatabetween1992and1996,but the

completesequencehasabout17Xasmanycrossovers.If longertimeintervalsareusedto

constructthesequence,e.g.70 daysinsteadof 35, then2X asmanycrossoversareusedin the

first sequence,andthetotal sequencewouldhave8.5Xasmanyasthefirst sequence.

A detailedinvestigationof possiblecorrelationsbetweenvariationsof radarbackscatterpower

andaltimeter-derivedelevationchangesinGreenlandfoundnosignificantcorrelationsin either

seasonalor long-termvariations(Brennerandothers,2000). Davisandothers(2001)alsofound

nosignificantcorrelationbetweenelevationchangesandbackscatteredpowerchangesin East

Antarctica,andthereforenoneedfor abackscatteringcorrectionaswasappliedbyWinghamand

others(1998)for Antarctica.For thePineIslandglacierareaof WestAntarctica,Shepherdand

others(2001)alsoappliednobackscatteringcorrection.

ForWestAntarctica, wemappedthealtimetermeasuredpower(P)for each90-dayperiod. We

defineP astheamplitudeof thefirst peakof ourretrackedwaveformfit, normalizedby the

instrumentAGC (AutomaticGainControl). During theoverlapperiod,ourmeasuredratioof

theaverageP for ERS-1to thatfor ERS-2overall of Antarcticais 2.06. Therefore,we

multiplied theERS-2measuredpowersby 2.06beforeanalyzingtrendsin P. Ourlinear-

sinusoidalmultivariatefit to thetimeseriesof P ateachgrid point givesthedP/dttrend,thep-p

seasonalamplitude,andthephaseof theseasonalvariationof P. For theareaof WestAntarctica



mappedin thenextsection,theresultinglinearcorrelationcoefficients(R) arelow: R--0.10

betweendIMdtanddP/dt,R--0.26betweentheamplitudesof P(t) andH(t), andR--0.33between

thephases.AlthoughsignificantcorrelationsbetweendH/dtanddP/dtmaybefound in some

regions,thecorrelationsarenegativein someregions,positive in others,andshowawidescatter

of pointsin all quadrantswith a low overallcorrelation(Figure1). Therefore,wemakeno

backscatteringcorrectionto dH/dt. Themeanandstandarddeviationof thedIMdtare0.22cm a-_

and19.0cm a-I andof thepowerchange,dX/dt, are0.01and0.023a_(usingX-- log_0(P/105)).

Thesecorrelationresults,however,arespecificto ourparticularrange-retrackingalgorithm,

whichselectsthemid-pointof theleadingwaveformramp,andmightnotapplyto other

algorithmsthathavedifferent sensitivitiesto peakpowervariations,to variationsin the

integratedpowerin thewaveform,or theratioof surfaceto subsurfacevolumescattering.

Analysisof crossoversbetweenERS-1andERS-2duringthe 12monthsof simultaneous

operationfrom April 1995to April 1996alloweddeterminationof asignificantspatial-variant

biasbetweenERS-1andERS-2icemodedata. In Greenlandthebiasof ERS-2minusERS-1

elevationsvariedbetweenabout3 cmat higherelevationsto about25cm at lowerelevations.

Themagnitudeof thebiaswasfoundto bewell correlatedwith eachof threeparameters,the

measuredbackscatterpower,surfaceslope,andsurfaceelevation,all of whichareinterrelated.

Backscatterpoweris stronglycorrelatedwith surfaceslopebecauseof theangle-dependent

effectsof beamattenuationon theradarsignal. On icesheets,surfaceslopeandsurfaceelevation

aregenerallyinverselycorrelated. In WestAntarctic,wecharacterizethebiasasalinear

functionof elevation(bias(cm) = -0.004272X(m) + 19.53,whereX is elevation),which is

basedoncrossoverbiasmeasurementsof 16.3cm for 700to 1200m, 12.05cm for 1200to 1700

m, 11.05cm for 1700to 2200m, and9.53cmfor 2200to 2700m elevation. For elevationswith

thegrid centerelevation_<150m,which aremostlylow-slopelocationson iceshelvesand

glaciertongues,theERS1-2biascorrectionis fixed at9 cm,which is anestimateof the

asymptoticvaluefor low slopes.Usingthis fixed biasfor low-elevation/lowslopeareas,instead

of the linearfunctionof elevation,adjuststhedH/dtvaluesby about+ 2 cm a-_.
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A recentanalysisandmodelingof theH(t) timeseriesfor theGISP2"summit" of Greenland(72°

34' N, 38 ° 27' W, 3200 m) for 1992 to 1999 showed agreement between the modeled and

observed seasonal cycles (in both amplitude and phase) and significant interannual variations

during 1992 to 1999 (Zwally and Jun, submitted). In addition, the derived dH/dt = + 4.2 2.9 cm

a1 from the altimeter H(t) series agrees well with the +3.6 _+2.1 cm aj obtained by Hamilton and

Whillans (2000) using the GPS coffee-can method. The altimeter dH/dt analysis included

crossovers within a 200 km diameter circle and _ 250 m elevation of the summit. The observed

amplitude of the seasonal elevation cycle was 25 cm peak-to-peak (p-p) with a minimum in July.

This amplitude is larger than expected on the basis of seasonal variations in precipitation, which

are small in the summit region. Similar seasonal variations that were previously reported in other

satellite altimetry data were unexplained by either by variations in the effective depth of the radar

measurement or other measurement characteristics (Yi and others, 1997). However, the

elevation model by Zwally and Jun (submitted) uses a stronger temperature-dependent rate of firn

compaction than previous models and shows that most of the annual compaction of the upper

layers of firn occurs during the warmer spring and early summer months, giving an elevation

minimum in mid-summer. We find a similar seasonal cycle of surface elevation in parts of West

Antarctica, but the emphasis here is on analysis of the dH/dt trends.

3. RESULTS AND DISCUSSION

For the region of West Antarctica from 10 ° W to 170 ° W (Figure 2), we construct H(t) sequences

and derive a dH/dt value using linear-sinusoidal multivariate fit for each 50-kin grid point

(Figure 3). Crossovers lying within a 200 km circle and _+250 m elevation of the grid center are

selected for the H(t) sequences constructed using time periods of t i = 90 days. For slopes >

1/800 using the 200 km circle, the elevation limitation restricts the selected areas to bands along

elevation contours, where the elevation changes tend to be spatially coherent. For specific

locations noted in Figure 2, a smaller (100 km) circle is used for crossover selection to construct

the H(t) series shown in Figures 4 - 7. For the specific low-elevation locations on ice shelves, a
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smallerelevationlimitation of -30m to + 100m is alsousedto eliminatecrossoversoverocean

or seaiceareas. Overiceshelves,nocorrectionis madefor theverticalmotionof the ice

shelvesthatis forcedby oceantides,which increasessomewhattherandomerrorsin theH(t)

sequenceandthederiveddH/dt.

Ice Shelves and Ice Stream E

On the major Ross and Filchner-Ronne ice shelves, the dH/dt trends in Figure 3 are mostly

within one standard deviation of zero. At a particular location (80.5 ° S, 155 ° W, 90 m) on the

Ross Ice Shelf, the dH/dt is +0.2 + 1.8 cm a_ as shown in Figure 4. On the Filchner Ice Shelf at

(79.03 ° S, 39.81 ° W, 95 m), the dH/dt is + 2.7 _+2.3 cm a-_. Also, on the lower part of Ice

Stream E (79.7 ° S, 140 ° W, 460 m), in an area close to where Bindschadler and others (1996)

calculated a thickness change of + 22 + 103 cm a1 from differences in measured fluxes through

ice-stream gates, the altimeter-derived dH/dt is +1.4 + 1.9 cm a-_ .

The finding of near-zero dH/dt values on the Ross and Filchner-Ronne Ice shelves provides a

geophysical reference against which the accuracy of larger positive and negative dH/dt values

obtained for other areas can assessed. Although expected changes in ice-shelf thicknesses might

be comparable to those on the grounded ice-sheets, changes in ice-shelf surface elevation for a

particular change in thickness would be only about 1/6 as large because the shelves are floating.

In addition, the large contrast in dP/dt backscatter trends between the two ice shelves provides

information on the validity of not making a backscattering correction, as discussed in the last

section. The larger trend of dP/dt = 0.060 on the Ross Ice shelf compared to a near-zero trend of

0.001/yr on the Filchner, indicates that any significant adjustment for a relation between dH/dt

and dP/dt would make the dH/dt on the Ross shelf significantly negative.

The seasonal variation for the first 2 or 3 cycles in the Ross Ice Shelf (Figure 4), in particular,

are not as well defined as later in the series. The H(t) series improve in accuracy with time,

partly because of more early gaps when the altimeters was in ocean mode, and partly because of a
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characteristicof theconstructionof theH(t) series.Generally,theH(t) accuraciesimprovewith

time becausemoreandmoretermsof theEq. 2 sequencesareaveragedwith increasingtime in

thecombinedsequenceof Eq. 3. Alternatively,theH(t) canbeconstructedbackwardswith

improvingaccuracytowardearliertimes. For theRossIce Shelflocation,theseasonalcycleis

well definedwith a 53 __7 cm peak-to-peak amplitude. The occurrence of the minimum in April

27 just after the warm season is consistent with the firn compaction model of Zwally and Li

(submitted). In contrast, the 20 ± 9 cm amplitude on the Filchner Ice Shelf and the 17 ± 8 cm

amplitude on Ice Stream E are less well defined and might not represent a clear seasonal cycle.

The ice shelves along the Antarctic Peninsula and the coast of West Antarctica all show

significant decreases in surface elevation, in marked contrast to the Ross and Filchner-Ronne Ice

shelves. These more northerly ice shelves are in a warmer climatic regime, which also has been

warming in recent decades. Recent breakups of the ice shelves in the Antarctic peninsula have

been shown to be associated with the regional climatic warming (Doake and Vaughan, 1991;

Skvarca and others, 1998; Scambos and others, 2000). On the Larsen Ice Shelves, the derived

thinning rates range from about 25 cm a-_ on Larsen "B" area around 65.5 ° S, to 22.7 ± 2.3 cm a-_

at (67 ° S, 62.5 ° W, 43 m) (Figure 5), to about 5 cm a_ at the southernmost part around 69 ° S.

Using an average value of 0.16 for the ratio of the height of the freeboard to ice shelf thickness

(Thomas, 1973), implies an ice shelf thickness change of 142 _+ 14 cm a _ at (67 ° S, 62.5 ° W, 43

m), which is about 0.5% of the thickness per year. This calculation implicitly assumes no change

in the firn density profile. If the elevation change represents a decrease in firn thickness rather

than an assumed decrease in the thickness of solid ice, the implied decrease in ice shelf thickness

would be smaller.

The largest thinning rates (Figure 3) are located along the coast from the outlets of the Pine

Island Glacier at 100 ° W and the Thwaites Glacier at 107 ° W to the vicinity of the Dotson Ice

Shelf at 112 ° W. The coast from 110 W to 135 W includes the Dotson Ice Shelf, the Getz Ice

Shelf, and a number of ice-covered promontories. Therefore, for these locations crossovers lying

both on ice shelves and on grounded ice can be included within the 200 km cap size and the ±



250m limits usedin makingthedH/dtmap. However,theH(t) for theDotsonIceshelflocation

(74.91° S, 111.80° W) in Figure5 isrestrictedto crossoverswithin + 100m and-30m of the83

m elevationat thecenterof thecap. Therefore,the64.9+_4.2cma-_elevationdecreaseis mostly

indicativeof iceshelf thinningthatcouldbeaslargeas4 m a-_decreasein thickness.

Regionalaveragesof thegrid pointsin thedH/dtmapwith centralelevationsin therangeof 30

to 150m representmostlyaveragechangesin iceshelfelevations(Table 1). Althoughthe

overall averagesfor theRonne-EasternFilchnerandtheRossiceshelvesarecloseto zero(< +1

cm a_) spatialvariationsat the+ 5 to - 5 cm a-_couldbesignificant. In particular,mostdH/dt on

theFilchnericeshelfarepositive,whereasthoseon theRonneiceshelf(circa 160° W) are

negative.Also, thevaluesfor theportionof theRossIceshelfeastof RooseveltIsland(circa

160° W) arepositive,whereasthevaluesto thesoutheastarenegative.Theaverageelevation

changeon theRiiser-LarsenandBrunt ice shelves(10°W - 30°W) is an increaseof 2.42cm al.

TheaveragedH/dt on theWesternRonneiceshelf is - 2.86cm a_, andtheaveragesfor the ice

shelvesof theAntarcticPeninsulaandalongtheWestAntarctic coast are significantly negative

from about 7 to 17 cm a-_

Pine Island Glacier and Thwaites Glacier Drainage Basins

The sets of H(t) for the Pine Island Glacier and Thwaites Glacier drainage basins in Figures 6 and

7 extend inland from the glacier tongue and across the respective ice divides (Figure 2). For the

Pine Island Glacier line, the thinning extends to the ice divide and the dH/dt becomes positive by

3.8 +_2.1 cm a-_ on the other side of the divide. For the Thwaites Glacier, the dH/dt becomes

positive just before the divide and is positive > 10 cm a_ on the other side. The maximum

elevation decrease on the Pine Island glacier is 61 +_ 11 cm a-_ at the outlet (75.2 ° S, 99 ° W),

which is not as large as the 360 _+90 cm a t obtained by at (75.3 ° S, 99 ° W). The technique used

by Shepherd and others (2001) analyzes changes at specific repeat-track crossover points and

resolves the 30 km wide glacier better than our 100 km cap size does. Inland to about 95 W, the

larger rates of elevation decrease are mostly confined to the glacier trunk (Figure 3), as noted by
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Shepherdandothers,2001. However,significantincreases (_5 to 20 cm a-_) occur over most of

both the Pine Island Glacier and the Thwaites Glacier drainage basins (outlined in Figure 2).

Marie Byrd Land

Significant elevation increases (_ 10 cm a-l) are observed along the ice-divide between the

Thwaites drainage basin and the drainage basin for Ice streams D, E, and F flowing into the Ross

Ice Shelf (Figure 3). The H(t) series centered at (80 S, 120 W,526 m) shows a dHldt increase of

9.0 + 1.6 cm a_ and a peak-to-peak seasonal amplitude of 67 cm with a minimum in March 5.

For comparison, a recent coffee-can/GPS measurement at Byrd station gave an elevation-change

close to zero (-0.4 _ 2.2 cm al) (Hamilton and others, 1998). Steig and others (2001), using the

elevation-dependence of stable isotopes obtained from ice cores, calculated an elevation rise at

Byrd station of about 150 m during the last 2 Ka (_ +7 cm a-_), which would be consistent with

our observation if this average rate were continuing.

The rate of present-day bedrock uplift, calculated from the holocene ice unloading in West

Antarctica, is about 3 to 7 cm a -_ (Huybrechts and Le Meur, 1999). Therefore, the rate of ice

thickening implied by the surface dH/dt of +9 cm a-_ would be in the range of +2 to +6 cm a l. In

contrast, ice flow and continuity studies near Byrd Station indicated a small ice thinning of 3 cm

a_ (Whillans, 1977).

To the south of Byrd Station, the dH/dt is larger, in the range of +15 to +20 cm a-t. Along the

ice divide to the north of Byrd, the dH/dt is rather uniformly positive at about 8 to 10 cm a-_. At

the point (76 S, 127 W, 2225 m) in the Executive Committee Range the elevation increase is

22.2 __3.0 cm a-_ (Figure 8), and is similarly significantly positive along this east-west ridge near

the northernmost part of the ice sheet. For comparison, the elevation change map shown by

Wingham and others (1998) from ERS data for 1992 to 1996 also appears to be mostly positive

extending along the ice divide from near Byrd to the north and then northwest, but is not clearly

positive or negative in the vicinity of Byrd station.
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Average Elevation Changes and Mass Balance Implications

Average elevation changes are calculated for 500 m elevation bands and for longitudinal sectors

(Table 2). Grid points with central elevations < 150 m are excluded in order to restrict the

analysis to mainly grounded ice. The corresponding rates of ice mass loss and sea level rise,

making no correction for motion of the bedrock, are also given in Table 2. The overall net

change in elevation is 1.2 cm al, which would correspond to a mass gain of 20 Gt a-l, and a -0.06

mm a_ change in global sea level. The density of solid ice is used to convert from elevation

change to mass change, which is equivalent to assuming the changes are long-term and not a

result of very recent changes in the accumulation of lower density tim. Calculations of the

bedrock motion (Huybrechts and Le Meur, 1999) range from about 0.2 to 1 cm a-_in the

Antarctic Peninsula, to about 1 to 2 cm a-_along the West Antarctic Coast, to about 7 to 10 cm a-_

in the central portion of the grounded ice sheet. However, the magnitude of the uplift over

central West Antarctica (up to 10 cm/year) may be at the high side because of a late deglaciation

produced by the ice-evolution model (Huybrechts, Pers. Com.) Using an average uplift of 2.5

cm a_ implies an average ice thickness decrease of 1.3 cm a-l, a mass loss of 22 Gt a_, and a 0.06

mm a-_contribution to global sea level rise. (Not by authors: uplift averages will be calculated

better from Huybrechts data for final version of paper.)

Although the overall average elevation or thickness changes suggest the grounded ice is close to

balance, the average elevation for the Pine Island-Thwaites basin sector is significantly

decreasing by 8.1 cm a_. The corresponding ice thickness change is about -11 cm al, with a

corresponding mass loss of 82 Gt a t, and a 0.22 mm a-_contribution to global sea level rise. In

terms of elevation change, the decrease in the Pine Island-Thwaites sector sector is largely

balanced by the increase in the Marie Byrd Land, but only balanced by about 1/4 in terms of ice

thickness change and contribution to sea level rise.

4. CONCLUSIONS
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Present-daychangesin icesheetsurfaceelevationareacombinationof long-termicedynamics

andrecentchangesin thesurfacebalance.Onerepresentationof thepresent-daydynamic

evolutionof the ice thicknessandsurfaceelevation,from acoupled3-D icedynamicmodeland

solid-Earthmodel(HuybrechtsandLe Meur, 1999),showsanincreasein elevationof grounded

ice in CoatesLand,theAntarctic Peninsula, and a narrow coastal band of the West Antarctic ice

sheet between about 130 ° W and 145 ° W. Our dH/dt results are also positive in these regions.

Over most of the rest of the West Antarctic ice sheet including the Pine Island-Thwaites drainage

basin, the coupled model shows thinning. Although the decreases in the model are only about

1/10 as large as our dH/dt, the qualitative agreement suggests that the long-term ice dynamic

changes captured in the model are also observed in the data. For the Pine Island Glacier,

Shepherd and others (2001) said the thinning cannot be explained by short-term variability in

accumulation and must result from glacier dynamics. Similarly over the Thwaites Glacier

drainage basin, a reduction of accumulation (Giovinetto and Zwally, 2000) by about 50% would

be required to produce the observed elevation decrease. In contrast to these regions of

qualitative agreement, the observed surface elevation increases over Marie Byrd Land and south

of the ice divide in the Pine Island-Thwaites basin sector are opposite in sign to the elevation

decreases in the model. If the uplift in this region were smaller than the model (see note in

previous section), the discrepancy would be even larger. Therefore, an accumulation increase of

the order of 30 to 50% would be required to explain the observed increase in elevation in these

areas.

Expected consequences of climate warming in polar regions are an increase in precipitation and

an increase in summer melting. Present-day surface melting in Antarctic is mostly confined to

the ice shelves (Zwally and Fiegles, 1994), and is therefore not a factor in the observed elevation

changes. However, the increase in surface elevation in Marie Bryd Land would be consistent

with an increase in precipitation in recent decades. As noted in previous sections, recent

breakup of ice shelves in the Antarctic Peninsula have been associated with climatic warming.

The observed dH/dt decreases on the ice shelves in the Peninsula and along the West Antarctic

13



coastareadirect indicationof significantthinningof theshelvesremainingin thoseregions,

perhapsdueto bothsurfaceandbottommelting. In contrast,themajorRoss,Filchner,and

Ronneiceshelveslie in colderclimatic regimesweresurfacemeltingis infrequent(Zwally and

Fiegles,1994),andtheobserveddH/dtarecloseto zero. Thesmallvaluesof dH/dton themajor

iceshelvesalsoprovidesa referencefor assessingthevalidity of thelargerobserveddH/dtvalues

elsewhere.Nevertheless,therearesomenotablevariationsin dH/dtovertheseshelvesthatmay

proveto besignificantwith furtheranalysis.

14
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LIST OF FIGURES

Figure 1. Scatter plot between 7-year elevation trends (dH/dt) and backscatter power trends

(dX/dt, where X = log_0(P/105)). Lack of correlation is shown by low R = 0.10. Mean and

standard deviations indicated by solid and dashed lines, with values in text.

Figure 2. West Antarctic location map showing drainage basins and locations for the H(t)

elevations series given in Figures 4 -8.

Figure 3. Elevation-change map of West Antarctic showing small or near-zero elevation changes

on the Ronne, Filchner, and Ross Ice Shelves, and significant thinning on the ice shelves of the

Antarctic Peninsula and along the West Antarctic coast. Over most of the drainage basins of

Pine Island and Thwaites glaciers, the surface elevation is significantly decreasing. The elevation

is increasing over most of the other grounded ice, including most of Marie Byrd Land, the

Antarctic Peninsula, and Coates Land part of the East Antarctic ice sheet. The cap size for the

H(t) crossover series for each 50-km grid cell is 200 km diameter and the elevation limit is _+250

m of the elevation of the grid center, dH/dt values are from multivariate linear and seasonal

sinusoidal fit to the H(t) series. Elevation-dependent ERS-I/ERS-2 bias correction is described

in text.

Figure 4. H(t) time series created from crossovers among 90-day intervals for 3 locations (see

Figure 2) on the Filchner ice shelf, Ross ice shelf, and ice stream E that flows into the Ross ice

shelf. The dH/dt linear trend and the seasonal cycle are obtained from a multivariate linear and

seasonal sinusoidal fit to the H(t) series. Cap size for crossover selection is 100 km diameter and

the elevation limits are shown in Figure. dH/dt trends are near zero in these locations.

Figure 5. H(t) times series and dH/dt trends for 2 locations on the Larsen and Dotson ice shelves

showing significant surface elevation decreases, with an implied shelf thinning six times larger.

Analysis parameters are as in Figure 4.
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Figure6. H(t) timesseriesanddH/dt trendsfor 6 locationsonaline extendingfrom thefront of

PineIslandGlacierdrainagebasininlandto theEastandacrosstheicedivide (seeFigure2).

Significantelevationdecreasesoccurup to theicedivideanda smallelevationincreaseoccurs

ontheothersideof thedivide. AnalysisparametersareasinFigure4.

Figure7. H(t) timesseriesanddH/dt trendsfor 7 locationsonaline extendingfrom thefront of

PineIslandGlacierdrainagebasininlandto thesouthandacrosstheicedivide (seeFigure2).

Significantelevationdecreasesoccuruntil just beforetheicedivideandasignificantelevation

increasesoccurson theothersideof thedivide. Analysisparametersareasin Figure4.

Figure8. H(t) timesseriesanddH/dt trendsfor locationsatByrd Station,on theicedivide,and

theExecutiveCommitteeRangeon theridgenearthecoastof WestAntarctica. Theelevationis

significantlyincreasingin theselocations.Analysisparametersareasin Figure4.

21



0.4

0.2

-0,2

-0.4

Figure 1.

_ I

I

+ I
+t

I
_1 I+ i+
+ t_- _-r

+ +++ '_ + +
+ 4: -I- - T-p+I-

- -_7 -t+- _ -F ++- -

+., ++_f_-._ __+++

++ _ +++

- + +¢_+ :tH_ + +

u-_/, +++!

- '+[i- + [ -_
__t..__L • k_ _l_ _t_[_±...1___- • __L J J_J h .... a i l

-0.20 -0.10 0.00

i _ L. L_J____L_.2._ L_I 1 _L_]--

0.10 0.20

dX/dt (lOgl 0 (P/105)



_l , i t

°_ _



_ w_pwfm



" Fig. 4

1
1 2- I

- Filchner Ice Shelf, 79.03S, 39.81W, 95 m, +100 m, -30 m

o} °
2.7+2.3 cm/yr

_ _ 20 cm p-p

- 1 7 Min. June 24 -t- 1

E 1
"E" E Ross Ice Shelf, 80.5S, 155W, 90 rn, +100 m,-30 m

Min. April 27

Ice Stream E, 79.7S, 140W, 460 m,+250 m 0

_10#-i "-_ k_ _ 117'4+19_m/yr _ -I

E-- - ._., _,°,.°u.r,O_
l:: -- - seasonal :l

b -- - 'i°e_r t_
-2,1A ',.I 0 ,J A d 0 d A d 0 O A d 0 d A ,I 0 d A d 0 d A ,i 0 d A-

92 93 94 95 96 97 98 99

Date



(.3

==

LU

Fig. 5

-2

-2

-4

Larsen Ice Shelf, 67S, b--'2.SW,43 m. +100 m,-30 m

4_ _, -24.9+ 2.E cm/yr
_----"_:_\ 1_.."_ _ ¢m p-p

Dotson Ice Shelf,74.91S, 111E_N', 93 m, +1(30m,-30 m

-67.1 + 4.2 crn/yr
_ 23 cm p-p

H(t) _ _.
.......seasonal •
__ linear

-5
AJ OJ Ad OJ AJ OJ AJ OJ AJ OJ AJ OJ A,I OJ A

92 93 94 95 96 97 98 99
Date

-2

-2

-4



- Fig. 8

1 -

0 9.0-+1.6 cmlyr --

67 cm p-p

1

0

m

Min. March 5 :

_I _ -1

Ice Divide, 78S, 119W, 1764 m +250m !

,,_,.I--- I

.
c) ;

. O- 0

-1 - -1

Executive Committee Ran
1"-- 1

00

_ " H(t) Min. March 25 -

linear i-1
m 1 -

,l A d 0 d A d 0 J A d 0 J A d 0 d A ,! O d A d 0 d A ,I 0 d A

92 93 94 95 96 97 98 99

Date



POPULAR SUMMARY

HJZ, August 22, 2001

Surface Elevation Changes in West Antarctica from Satellite Radar Altimetry: Mass

Balance Implications

H. Jay Zwally, Anita C. Brenner, and Helen Cornejo

Antarctic ice-sheet surface elevation changes (dH/dt) are obtained from 7-years (1992-1999) of

ERS-1 and 2 satellite radar altimeter data. On the major Ronne, Filchner, and Ronne ice shelves,

the dIMdt are small or near zero. In contrast, the ice shelves of the Antarctic Peninsula and along

the West Antarctic coast appear to be thinning significantly, with a 23 +_3 cm/yr surface

elevation decrease on the Larsen ice shelf and a 65 _+4 crn/yr decrease on the Dotson ice shelf.

Significant elevation decreases are obtained over most of the drainage basins of the Pine Island

and Thwaites glaciers. Significant increases are obtained over most of the other grounded ice in

Marie Byrd Land, the Antarctic Peninsula, and Coates Land. Over the sector from 85 ° W to 115 °

W, which includes the Pine Island and Thwaites basins, the average elevation is significantly

decreasing by 8.1 cm/yr. The corresponding ice thickness change is about -11 crrdyr, with a

corresponding mass loss of 82 Gt/yr, and a 0.22 mm/yr contribution to global sea level rise. In

terms of elevation change, the decrease in the Pine Island-Thwaites sector sector is largely

balanced by the increase in the Marie Byrd Land, but only balanced by about 1/4 in terms of ice

thickness change and contribution to sea level rise. The overall average elevation change for the

grounded ice is + 1.2 cm/yr. Using an average bedrock uplift of 2.5 cm/yr, implies an average

ice thickness decrease of 1.3 crn/yr, a mass loss of 22 Gt/yr, and a 0.06 mm/yr contribution to

global sea level rise.


